In this paper we review the path taken by signals originating from the short wavelength sensitive cones (S-cones) in Old-World and New-World primates. photoreceptors. Chromatic signals in general are processed in two parallel streams, the red-green system by the parvocellular system 1-6 (for reviews, see references 7 and 8) and the blue-yellow system by the koniocellular system 6,9,10 . Although substantial amount of work has been done to identify these processing streams in the retina and the dorsal lateral geniculate nucleus (dLGN) in the dorsal thalamus, our understanding of the blue-yellow chromatic system in the visual cortex is still at its infancy. This article briefly reviews the state of knowledge of the processing of the Scone signals in the visual brain of diurnal primates.
In Old Word primates (including humans), photopic visual perception is largely based on the signals conveyed from three classes of cones via the retino-thalamo-cortical pathway. The cones are classified according to their spectral sensitivity peaks as Long (L), Medium (M) and Short (S) wavelength sensitive cones. Our chromatic perception is dependent upon how the brain processes variations in the activity among these photoreceptors. Chromatic signals in general are processed in two parallel streams, the red-green system by the parvocellular system [1] [2] [3] [4] [5] [6] (for reviews, see references 7 and 8) and the blue-yellow system by the koniocellular system 6, 9, 10 . Although substantial amount of work has been done to identify these processing streams in the retina and the dorsal lateral geniculate nucleus (dLGN) in the dorsal thalamus, our understanding of the blue-yellow chromatic system in the visual cortex is still at its infancy. This article briefly reviews the state of knowledge of the processing of the Scone signals in the visual brain of diurnal primates.
Retinal processing of S-cone signals
For a comprehensive review of the origins of the chromatic signals in the retina along with the retinal circuitry, see reference 8. Briefly, the S-cone signal originates from the short-wavelength cone and even though the density of S-cones in the retina is far less than the density of the L or the M-cones, modulations of S-cone activity alone can provide a reasonably detailed level of visual perception 11 . The activity of S-cones is conveyed to the retino-recipient nuclei in the brain by so-called Blue-ON (S+) and the Blue-OFF (S-) retinal ganglion cells. Morphologically, the Blue-ON RGCs correspond to small bi-stratified RGCs 12, 13 . Although it is still unclear how the Blue OFF signal is transmitted from the retina, at least some wide-field RGCs 14 have been shown in the macaque to contain a blue light sensitive pigment (melanopsin) and
transmit an irradiance signal (Blue off /Yellow on). However, it is not known how the short-wavelength signal from the S cones are transmitted to the Blue-OFF cells that have been identified in the marmoset dLGN 15 .
Thalamic processing of S-cone signals
In both Old-World and New-World monkeys, retinal axons carrying the S-cone signals appear to terminate exclusively in the koniocellular regions of the dLGN 6, 9 .
There are no reports of S-cone inputs from the retina directly to other brain regions such as the superior colliculus. proper but are also present in the koniocellular extensions into the neighbouring parvocellular regions. Figure 1B shows the photograph of the same dLGN section as that shown in Figure 1A . However, the picture has been defocussed using a Gaussian blur filter, since the koniocellular regions can then be easily visualised ( Figure 1B Irrespective of the region from which they were recorded (koniocellular layers themselves or the koniocellular extensions into the parvocellular layers), single neurones that carry S-cone signals tend to have receptive fields that are larger than those of parvocellular neurones 6 . Contrast sensitivity of these units to achromatic stimuli is also poorer than for parvocellular neurones. The magnitude of neuronal responses of these blue-yellow koniocellular neurones increases linearly with increments over a wide range of contrasts. In other words, the responses of koniocellular neurones which receive S-cone signals, like those of parvocellular neurones, but unlike those of the magnocellular neurones, do not saturate at relatively
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low (30 -40%) contrasts but continue monotonically up to 100% contrast when using sine wave gratings 6 .
Cells which constitute the Blue-OFF sub-pathway within the S-cone system exhibit considerable differences from those which constitute the Blue-ON sub-pathway. In general, these cells are known to be relatively "sluggish" compared to the Blue-ON cells 19 . Their response rates have also been reported to be at least three times lower been a useful means for identifying magnocellular inputs 3, 23 .
Processing of S-cone signals in the primary visual cortex
In primates, an overwhelming majority of the relay cells in the dLGN project to the primary visual cortex (striate cortex, cytoarchitectonic area 17 or area V1; for review see reference 24). The dLGN neurones carrying the red/green chromatic signals of the parvocellular system terminate in layers 4A and 4Cβ of the primary visual cortex, while the axons of the magnocellular dLGN neurones terminate in layer 4 Cα (for reviews see 25 and 26) . These two pathways seem to be in accordance with the classical neuronal input schemes where the major dorsal thalamic inputs terminate in layer 4 common to most mammals 27 . On the other hand, axons from the koniocellular layers of the dLGN do not terminate in layer 4. Instead, the axons from the K-layers ventral to the two magnocellular layers (K1 and K2) project to layer 1 and the superficial part of layer three 28 . The axons from K-layers ventral to the parvocellular layers of the dLGN (K3-K6) terminate within the so-called blob areas (that is, regions containing a lot of mitochondrial enzyme, cytochrome oxidase) of layer 2/3 with some spill off in to the inter-blob areas and layer 1 (e.g. see figure 4 of reference 28).
The importance of these K-layer projections to V1 is demonstrated by functional magnetic resonance imaging (fMRI) studies which have shown that the blue-yellow system, receiving input from only 10% of the cones, significantly modulates activity of area V1 of human observers 29, 30 .
In There is also physiological evidence for convergence between different afferent pathways 23, 34 . Third, neurones with chromatic inputs have been found in the interblob parts of supragranular layers of area V1 that poorly stain for cytochrome oxidase 35 .
Models of chromatic organisation of V1 initially also proposed that colour preference and orientation selectivity are coded separately 31, 36 , but more recent experiments suggest that most colour selective cells in the primary visual cortex are also orientation selective 23, 37 . There is also mixing of colour signals in V1, resulting shown to converge on a single cell (Fig. 4 of reference 23 ).
However, mixing of signals can also provide another advantage where the combined signals, that may include information from the parvocellular or koniocellular system, can be transmitted rapidly to the dorsal pathway, which can potentially provide behaviourally relevant, feedback to facilitate complex and selective processing of incoming sensory information as for example, in focal attention 40 . This point will be elaborated further in the following section.
Processing of S-cone signals in the extra-striate cortices of primates
Colour perception is traditionally associated with the ventral or the 'what' or the 'perception' pathway 41, 42 . The main cortical target for chromatic signals is area V4, which constitutes a part of and in fact a major gateway to, the ventral visual pathway and is generally believed to be also the main colour processing area in the primate brain (for review see reference 43). The classical 'dogma' has it that colour has little or no role to play in the dorsal, also referred to as the 'where' 41 or the 'action' 42 pathway which is dominated by the colour-blind luminance signals of the magnocellular channel 44 .
However, this classical model has been called into question with recent observations from area MT, an area that is considered an integral part of the Where/Action pathway. Studies on human observers using functional magnetic resonance imaging or fMRI 45 and visually evoked potentials 46 shown to completely abolish all responses at the extra-striate areas 61 . Another source of visual inputs to the pulvinar is the retina itself [62] [63] [64] [65] [66] [67] , but not only is this projection sparse but there are no indications so far that these projections could include S-cone signals. In summary, these studies make a direct projection from the dLGN to MT as one of the most likely paths for the S-cone signals to reach MT. However, it is well known that there is significant mixing of the three pathways that happen either within V1 (see above) and/or in the V1 projection to area V2 compartments 68 and/or within area MT itself 44 . The relay of S-cone signals in V1 may be either via layer 1 where the koniocellular axons from dLGN contact apical dendrites of layer 4B cells or by the koniocellular afferents that stray into the interblob areas of layer 2/3 28 , which project to the thick cytochrome oxidase rich stripes in V2, which in turn project to area MT 69 .
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Implications of the S-cone pathway for behaviour
The alternative input to area MT provides an explanation for the phenomenon of 'blindsight', a condition where some visual function still remains after complete loss 81 , there may be some basis for the oft-repeated claim in many anecdotal reports and in one recent double-blind controlled study 92 that coloured overlays may be helpful in improving reading performance in children with reading difficulties. For the small, but apparently significant benefits seen for such use coloured overlays or tinted glasses, a neurophysiological model has been proposed that involves the pathways carrying S-cone signals 93 .
The koniocellular regions of the dLGN that carry the S-cone signal also exhibit a slow rhythm that correlates with the brain activity recorded by electroencephalogram 94 . Modifying this rhythm can potentially be used to alter the activity 
